Research in contextEvidence before the studyThe gut has been suggested as the 'central organ' of organ failure. Gut integrity is compromised in abdominal sepsis with altered barrier permeability. Recent studies demonstrate the involvement of STING signaling in gut mucosal immune homeostasis. However, whether STING-mediated intestinal inflammation is responsible for gut barrier injury in sepsis remains to be clarified.Added value of this studyIn the present study, we demonstrated that intestinal STING was activated in human abdominal sepsis, and hyperactivation of intestinal STING signaling led to hyper-inflammation, IECs apoptosis, intestinal barrier dysfunction, and lethal sepsis.Implication of all the available evidenceThese data suggest that PAMPs and/or DAMPs could activate STING signaling pathway in sepsis. Activated STING signaling contributes to over-exuberant inflammatory and IFNs responses during sepsis, which may contribute to comprehensive epithelial damage, allowing viable bacteria to translocate. Therefore, STING signaling may be an effective therapeutic target in human sepsis.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Sepsis has been recently defined as a life-threating organ dysfunction secondary to a dysregulated host immune response to infection \[[@bb0005]\]. The gut has been described as the motor of sepsis and organ failure \[[@bb0010]\]. Although the pathogenesis of sepsis is complicated, numerous studies have demonstrated increased apoptosis in intestinal epithelial cells (IECs), resulting from the enhanced secretion of pro-inflammatory cytokines and interferon \[[@bb0015]\]. Disruption of the gut barrier may drive lethal sepsis and multiple organ failure.

The progression from infection to sepsis can be demonstrated by the detection of pathogen (PAMPs) and danger (DAMPs) associated molecular patterns that are derived from microbes and host tissues, respectively \[[@bb0020]\]. Specific pattern recognition receptors (PRRs) bind to PAMPs and/or DAMPs and stimulate the secretion of inflammatory mediators which amplify the local inflammatory response, leading to tissue and organ damage associated with sepsis. Our recent studies indicated that microbial components, such as CpG DNA and cyclic dinucleotides (CDNs), are recognized by PRRs to mount Th17 responses and induce the mucosal inflammatory response \[[@bb0025],[@bb0030]\]. We also showed that released mitochondrial DAMPs (mitochondrial DNA) from IECs following infection are associated with an increased inflammatory response and subsequent gut barrier injury \[[@bb0035]\]. Collectively, the synergistic effects of PAMPs and DAMPs seem to induce intestinal mucosal inflammation. However, the precise function and mechanisms of PAMPs and/or DAMPs sensors in intestinal inflammation have yet to be clarified.

The stimulator of interferons genes (STING) is an adaptor protein involved in the innate immune response to the bacterial product CDNs \[[@bb0040]\]. Apart from microbial sensing, STING can also be activated by host self-DNA \[[@bb0045]\]. After nuclear DNA (nDNA) damage or mitochondrial disruption, nDNA or mitochondrial DNA (mtDNA) is released into the cytosol, stimulating STING signaling \[[@bb0050],[@bb0055]\]. The activation of STING initiates interferon regulatory factor 3 (IRF3) and nuclear factor-κB (NF-κB), leading to enhanced expression of type I interferons (IFNs) and inflammatory cytokines \[[@bb0060],[@bb0065]\]. Increasingly evidence suggests that aberrant activation of the STING pathway has been associated with the pathogenesis of metabolic disorders, infections and inflammatory disease \[[@bb0045],[@bb0060],[@bb0070]\].

The emerging role of STING in gut homeostasis has been revealed by several recent studies. Fisher et al. \[[@bb0075]\] investigated the role of STING signaling in tissue repair during acute intestinal damage, and found that modulation of STING may offer a strategy to reduce epithelial barrier dysfunction and promote epithelial integrity from intestinal damage by chemotherapy. Canesso et al. \[[@bb0080]\] confirmed that STING is an important signaling molecule involved in maintaining gut homeostasis. However, Jiang\'s group recently demonstrated that STING signaling may be related to sepsis-associated intestinal injury through induction of a significant inflammatory response \[[@bb0085]\]. Furthermore, Konrad et al. \[[@bb0090]\] suggested that STING signaling could promote TNF production and cell death in intestinal organoids. Whether STING-mediated intestinal inflammation is responsible for intestinal barrier dysfunction during sepsis therefore remains to be determined.

We hypothesised that STING is involved in the pathogenesis of sepsis by mediating IEC apoptosis induced by increased intestinal inflammation. We demonstrated that PAMPs and/or DAMPs could activate STING signaling pathway in abdominal-sepsis patients and CLP-induced sepsis mouse models. We further showed the activation of STING was associated with IEC damage, intestinal mucosal inflammation, and severity of sepsis. In addition, Deoxyribonuclease I (DNase I) administration post CLP surgery reduced systemic mtDNA and inflammatory cytokines levels, organ damage, and bacterial translocation.

2. Methods {#s0025}
==========

2.1. Ethics statement {#s0030}
---------------------

This study was carried out according to the Recommendations of Guidelines for Clinical Trials by the Ethics Committee of Jinling Hospital. All animal experiments in our study were carried out according to the principles of the Declaration of Helsinki, and were approved by the Animal Ethical Committee of Jinling Hospital. The protocol was approved by the Ethics Committee of Jinling Hospital. All patients provided written informed consent before any study-related procedure was performed.

2.2. Humans {#s0035}
-----------

Intestinal biopsies from five adult patients diagnosed with abdominal sepsis complicated with enterocutaneous fistula were obtained using biopsy forceps through the fistula. Representative abdominal pictures for fistula patients are shown in Supplementary Fig. 1. Five patients with enterocutaneous fistulas and radiological evidence (CT scan and fistulography) of intraperitoneal infection leading to life-threatening organ dysfunction (Sepsis 3 definition) were enrolled in this study (Supplementary Fig. 2A). Intestinal biopsies were obtained from patients undergoing formation of served as controls. Informed consent was obtained from all participants.

2.3. Animals and the Cecal Ligation Perforation (CLP) model {#s0040}
-----------------------------------------------------------

STING-KO (Tmem173^−/−^) and WT C57BL/6J mice (8--12 weeks) obtained from Model Animals Research Center of Nanjing University were maintained under specific conditions in a temperature-controlled room. Experiments were performed with randomly chosen littermates of the same sex and body weight and matched age.

The CLP model was used to induce polymicrobial sepsis as previously discussed \[[@bb0095]\]. Briefly, anesthesia was induced using ketamine (80 to 100 mg/kg, ip) and xylazine (10 to 12.5 mg/kg, ip). A midline incision was made in the peritoneum and the cecum was exteriorized. Fifty percent of the cecum was ligated and punctured twice with a 21-G needle, and a small drop of cecal content was extruded. The cecum was then returned to the peritoneal cavity and the abdominal incision closed with sutures. Mice were injected subcutaneously with 1 ml of Ringer\'s solution including analgesia (buprenorphine, 0.05 mg/kg). Antibiotics (25 mg/kg imipenem and 25 mg/kg cilastatin) were administered 3 hours post-CLP. Following CLP treatment, mice received an intraperitoneal (i.p.) injection of 10 mg/kg STING agonists (DMXAA; MedChem Express).

2.4. Measurement of intestinal permeability and bacterial translocation {#s0045}
-----------------------------------------------------------------------

All mice were administered fluorescein isothiocyanate (FITC)-dextran (FD40) by gavage at a dose of 600 mg/kg. Serum FD40 levels were evaluated to test intestinal permeability in vivo using fluorometry. To test gut permeability in vitro, Ussing Chamber analysis was performed as previously described \[[@bb0100]\].

Mesenteric lymph nodes (MLN) were harvested from mice and were homogenized using aseptic techniques. Diluted homogenates were cultured on Mac-Con-key\'s agar at 37 °C for 24 h. Moreover, blood samples were also obtained for bacterial colony-forming counts (CFU). Bacterial growth on the plates was quantified by colony-forming units/g of tissue \[[@bb0105]\].

2.5. Histology and immunofluorescence {#s0050}
-------------------------------------

Pathological slides were fixed in 10% formalin, cut into 4-μm sections, and processed on H&E slides. A gastrointestinal pathologist expert, blinded to the experiments assessed the severity of intestinal injury using a pathological scoring system, as previously described \[[@bb0030],[@bb0095]\].

For immunohistochemistry (IHC), slides were treated with anti-STING antibody (D2P2F; 13,647; Cell Signaling), anti-NF-κB antibody (ab16502; Abcam) according to the manufacturer\'s instructions. Image J software (US National Institutes of Health) was used to convert pixel intensities associated with staining into optical densities.

2.6. Quantitative PCR analysis {#s0055}
------------------------------

Quantification of serum mtDNA was detected as previously described \[[@bb0035]\]. In brief, circulating DNA from serum was isolated using the QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA), according to the manufacturer\'s recommendations. qPCR analysis was used to quantify selected mtDNA recognition sequences (*COX3* and *ND1*).

Isolated total RNA from cells or tissues by TRIZOL reagent (Life Technologies Inc., Carlsbad, CA, USA) were reverse-transcribed using the oligo (dT) primed complementary DNA. Real-time PCR was performed by TaqMan Gene Expression Assay (Applied Biosystems) for genes of interest (STING, IRF3, IL-1β, TNF, IL-6). GAPDH was selected as the internal control. The primers for qPCR analyses of the relevant sequences are listed in the Supplementary Table 1. The relative messenger RNA level was quantified as 2^-∆Ct^ (^∆Ct^, relative cycle threshold compared with GAPDH).

2.7. Western blot analysis {#s0060}
--------------------------

Proteins from the tissues or cells were separated by SDS-PAGE and transferred to PVDF membranes. The membranes were then incubated overnight at 4 °C with antibodies against the protein of interest, including STING (D2P2F; 13,647; Cell signaling), IRF3 (D83B9; 4302; Cell signaling), p-IRF3 (Ser396; 29,047; Cell signaling), p-p65 (ab16502; Abcam), ZO-1 (ab96587; Abcam), Occludin (ab216327; Abcam) overnight at 4 °C. Protein quantification was measured in optical density units using Image Lab software (Bio-Rad, CA, USA) and was normalized to the corresponding sample expression of GAPDH.

2.8. Cell culture preparation {#s0065}
-----------------------------

Dendritic cells (DCs) from small intestine lamina propria were isolated as previously described \[[@bb0030]\]. Briefly, we cut the small intestine into four pieces, and transferred them onto polyethylene tubes. Calcium- and magnesium-free PBS was used to wash three times, and 1 mM dithiothreitol and 30 mM EDTA were used to remove the mucus and epithelium, respectively. 333 μg/ml Liberase TL in DMEM containing 5% fetal bovine serum was used to digest the exposed lamina propria for 100 min at 37 °C in a 5% CO2 humidified incubator. All cells then were passed through a 70 μm nylon cell strainer and centrifuged (density gradient centrifugation) with OptiPrep (ρ = 1.055 g/ml) to yield DCs. Purified DCs were analyzed by FACSalibur flow cytometer (BD Bioscience).

Hind-limb femurs of 8--10 weeks old mice were obtained to isolate bone marrow-derived macrophages (BMDMs) as previously described \[[@bb0110]\]. In brief, femurs were flushed using a syringe containing RPMI 1640 and 10% FBS. BM cells were collected after centrifugation and exclusion of red blood cells and were cultured with 20% L929 conditioned medium.

2.9. Serum and tissue cytokines levels {#s0070}
--------------------------------------

The levels of TNF-α, IL-1β, IL-6, monocyte chemo-attractant protein-1 (MCP-1) and human intestinal fatty acid binding protein (I-FABP) in the serum were assessed using an enzyme-linked immunosorbent assay (ELISA) kit (P.R.C KeyGEN biotech). Lactic dehydrogenase (LDH) and alanine transaminase (ALT) were detected by commercial kits in accordance with the manufacture\'s protocol.

2.10. Analysis of apoptosis {#s0075}
---------------------------

Induction of apoptosis in the intestinal epithelium was detected using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) according to the manufacturer\'s instructions. The apoptotic index was quantified by the proportion of TUNEL-positive cells \[[@bb0115]\].

2.11. Statistical analysis {#s0080}
--------------------------

Continuous variables are shown as mean ± SD and a normal distribution test was performed for normality before using the *t*-test. Differences between groups were tested by the student\'s *t*-test or one-way analysis of variance. Categorical data are shown as median ± IQR. All data were analyzed by GraphPad Prism software 6.0 (La Jolla, CA, USA) and SPSS 19.0 (Chicago, IL, USA). The log-rank tests were used to compare the survival rates between groups. All *p*-values \<.05 are considered significant.

3. Results {#s0085}
==========

3.1. Intestinal apoptosis and STING induction in human abdominal sepsis {#s0090}
-----------------------------------------------------------------------

To investigate the role of STING signaling in sepsis and its associated IEC apoptosis, we first determined whether the STING pathway is altered in the primary peripheral blood mononuclear cells (PBMCs) of these patients. STING and IRF3 mRNA expressions were elevated in abdominal sepsis patients compared with healthy controls (Supplementary Fig. 2B). Furthermore, the protein expressions of STING and phosphorylated IRF3 were significantly increased in the sepsis group, suggesting overall activation of STING signaling pathways during human sepsis (Supplementary Fig. 2C). We then investigated the correlation between intestinal STING signaling and intestinal inflammation, IEC apoptosis and enterocyte damage. H&E staining of intestines showed increased intestinal injury, evidenced by tissue destruction and inflammatory infiltration in the sepsis group ([Fig. 1](#f0005){ref-type="fig"}A). Immunostaining analysis demonstrated that STING was mainly expressed in the intestinal lamina propria, and this expression was significantly elevated in abdominal sepsis patients. Additionally, STING-controlled IRF3 and NF-κB activation were also activated compared with controls ([Fig. 1](#f0005){ref-type="fig"}B, C, and D). TUNEL staining revealed ICE apoptosis in every biopsy obtained from human abdominal sepsis patients compared to healthy controls ([Fig. 1](#f0005){ref-type="fig"}E), and linear regression analysis demonstrated a positive correlation between apoptosis index and optical density of STING expression. Apoptosis induction was further confirmed via cleaved caspase-3 (c-c3) staining, a biomarker of apoptosis (Supplementary Fig. 3). Moreover, we found a significant correlation between IL-1, IL-6, and TNF mRNA expression in intestines to STING expression ([Fig. 1](#f0005){ref-type="fig"}F).Fig. 1Stimulator of interferon genes (STINGs) was activated in sepsis and correlates with intestinal inflammation and gut barrier dysfunction. (A) Representative images of intestinal histology (H&E staining) in control group and sepsis patients. (B) Expression level of STING and (C) NF-κB in human intestines were analyzed through IHC staining. (D) Activation of IRF3 signaling in gut of sepsis patients. (E) Correlation between apoptosis indexes and expression of STING in human gut. (F, G) Correlation of inflammatory cytokines and I-FABP to the expression level of STING. Image J was used to detect STING optical density, and each symbol represents an individual patient. H&E, hematoxylin and eosin; IHC, immunohistochemistry, IRF3, interferon regulatory factor 3; I-FABP, intestinal fatty acid binding protein. ^⁎^*P* \< .05, ^⁎⁎^*P* \< .01 vs control group.Fig. 1

Enterocyte damage helps the intensivist to identify critically ill patients with intestinal damage, bacterial translocation, and SIRS \[[@bb0120]\]. I-FABP serves as a plasma biomarker for IEC damage, which is associated with sequential organ failure assessment score and mortality \[[@bb0120]\]. In our study, serum I-FABP levels were markedly increased in the sepsis group compared with controls, indicating evident IEC damage in abdominal-sepsis patients ([Fig. 1](#f0005){ref-type="fig"}G). Simultaneously, there was a significant correlation between serum I-FABP and STING density. Collectively, these findings support a potential role for STING in mucosal inflammation and intestinal damage during human sepsis.

3.2. Induction of STING and its downstream effectors by CLP in mouse intestinal mucosa {#s0095}
--------------------------------------------------------------------------------------

The above findings encouraged us to use a mouse model to further investigate the role of STING signaling in sepsis and intestinal injury. A model of severe polymicrobial sepsis (CLP) is used to produce high mortality, which is the most relevant to the clinical course of abdominal sepsis in humans. Histopathological evaluation of stained tissue sections showed that after severe CLP, WT mice exhibited damaged intestinal villi, inflammatory cell infiltration, and local apoptotic nuclei ([Fig. 2](#f0010){ref-type="fig"}A). Increased mRNA expression of inflammatory cytokines (TNF-α and IL-1β) at 24 h was seen in CLP-induced intestinal tissue ([Fig. 2](#f0010){ref-type="fig"}B). IHC analysis showed that STING signaling was significantly increased during CLP-induced sepsis ([Fig. 2](#f0010){ref-type="fig"}C). Moreover, STING protein expression was increased after CLP treatment, and p-IRF3, p-P65 as well as p-IκBα were activated by western blot ([Fig. 2](#f0010){ref-type="fig"}D). Thus, the induction of STING signaling pathway in the gut may suggest its pathological role in CLP-induced sepsis and the intestinal inflammatory response.Fig. 2Induction of STING signaling in CLP-induced sepsis. (A) H&E staining for intestinal histology after CLP treatment. (B) intestinal cytokines levels. (C, D) Activation of STING signaling in intestine following CLP was analyzed by IHC staining and western blot. CLP, cecum ligation perforation. Data are expressed as the mean ± SD. ^⁎^*P* \< .05 vs sham group; n = 6 mice per group.Fig. 2

3.3. Suppression of CLP-induced sepsis in STING-KO mice {#s0100}
-------------------------------------------------------

We next sought to investigate whether STING knockout mice are more resistant to polymicrobial sepsis. Organ damage is a hallmark of sepsis, and the concentration of serum I-FABP, ALT, creatine kinase (CK) and LDH were used to detect tissue injury. WT mice showed high levels of serum I-FABP, ALT, and LDH after CLP surgery, while the amount of these organ damage markers was significantly lower in STING KO mice ([Fig. 3](#f0015){ref-type="fig"}A). H&E staining confirmed that genetic STING depletion was associated with attenuated tissue injury (lung, liver and kidney) such as leukocyte infiltration and tissue destruction ([Fig. 3](#f0015){ref-type="fig"}B). Treatment with a STING agonist was suggested to induce sterile shock \[[@bb0125]\], therefore we next sought to test the role of STING signaling in systemic inflammation during sepsis. The levels of serum pro-inflammatory cytokines (including IL-6 and TNF-α) and the chemokine MCP-1 significantly increased after CLP. In comparison, STING depletion substantially reduced these serum cytokines levels (Supplementary Fig. 4). These findings indicated that STING signaling may contribute to organ damage and an increased pro-inflammatory response during severe polymicrobial sepsis.Fig. 3STING-KO mice are protected from severe CLP-induced polymicrobial sepsis. (A) levels of serum I-FABP, ALT, Creatinine, and LDH. (B, C) Representative images of histology (H&E staining) and injury scores for lung, liver and kidney. (D) The Kaplan-Meier survival analysis 120 h after CLP in WT and STING-KO mice. The Kaplan-Meier survival curves were compared by the log-rank test. Line-graphs show mean and standard error. ALT, alanine transaminase; LDH, lactic dehydrogenase. Data are expressed as the mean ± SD. ^⁎^*P* \< .05 vs sham group; ^\#^*P* \< .05 vs CLP group. n = 6 mice per group.Fig. 3

Since the above data suggested the pathogenic effect of STING signaling in sepsis, survival analyses were performed. WT mice showed increased mortality after severe CLP, and 15 of 20 WT mice were dead 120 h post-CLP. In comparison, only 9 of 20 STING KO mice were dead following severe CLP ([Fig. 3](#f0015){ref-type="fig"}D). Collectively, these data indicate that STING signaling may contribute to disease pathogenesis in severe polymicrobial sepsis.

3.4. Effect of STING knockout on intestinal inflammation, IEC apoptosis and intestinal barrier dysfunction {#s0105}
----------------------------------------------------------------------------------------------------------

The histological inflammatory scores of mice that underwent severe CLP were markedly higher than those of the sham group by H&E staining evaluation. However, there was a significant reduction in intestinal damage scores in STING KO mice compared to WT mice following CLP ([Fig. 4](#f0020){ref-type="fig"}A). The MPO activity in intestinal mucosa was markedly increased after CLP, while there was a decrease in STING-KO sepsis mice compared with CLP-treated WT mice ([Fig. 4](#f0020){ref-type="fig"}B). Next, we sought to test whether STING depletion in sepsis could affect the secretion of inflammatory cytokines involved in intestinal inflammation. Our studies showed that severe CLP induced significantly increased production of inflammatory cytokines (including IL-1β and TNF-α) in intestinal mucosa ([Fig. 4](#f0020){ref-type="fig"}C and D).Fig. 4Inhibition of the STING signaling protects against CLP-induced intestinal injury. (A) Representative images of H&E, c-caspase3, and TUNEL staining in WT and STING-KO mice after CLP treatment. (B, C, D) MPO activity and inflammatory cytokines within intestinal mucosa. (E) Proteins levels of ZO-1 and occludin in intestinal tissue were assessed by western blot. (F, G) Localization of ZO-1 and occludin within intestinal mucosa evaluated by immunofluorescence after CLP. Data are expressed as the mean ± SD. ^⁎^*P* \< .05 vs sham group; ^\#^*P* \< .05 vs CLP group. n = 6 mice per group.Fig. 4

To determine whether STING signaling is involved in sepsis-induced apoptosis, we compared apoptosis induction in CLP-treated WT and STING KO mice. TUNEL and c-caspase-3 staining analyses were used to test IEC apoptosis. IEC apoptosis was induced following CLP and was blocked in STING KO mice ([Fig. 4](#f0020){ref-type="fig"}A). IEC apoptosis is suggested to be one of the critical accelerants of intestinal barrier dysfunction, and tight junction proteins play a vital role in regulating epithelial permeability. In our study, western blot (WB) and immunofluorescence analysis were used to test the tight junction proteins. WB analyses suggested that, following CLP, the levels of ZO-1 and occludin were substantially increased in STING-KO group compare with WT mice ([Fig. 4](#f0020){ref-type="fig"}E). Simultaneously, tight junction proteins (ZO-1 and occludin) exhibited decreased surface staining within IECs and some villi of the sepsis-injured mucosa, whereas an improved appearance of tight junction proteins were found in STING KO mice that underwent CLP ([Fig. 4](#f0020){ref-type="fig"}F and G).

Both IEC apoptosis and decreased tight junction proteins lead to an increase in intestinal permeability. In this study, after CLP, WT mice showed increased permeability, as evidenced by high levels of serum FD-40 and lower TEER. In comparison, there was significant reduction of intestinal permeability in STING-KO sepsis mice (Supplementary Fig. 5A and B). Increased intestinal permeability may induce bacterial translocation, which is known to lead to lethal sepsis. CLP mice showed significant bacterial translocation to MLN and blood compared with the sham group. However, STING depletion obviously reduced bacterial translocation following severe CLP (Supplementary Fig. 5C and D). Collectively, these data indicate that the STING signaling pathway may lead to an intestinal inflammatory response, IEC apoptosis, and bacterial translocation during severe polymicrobial sepsis.

3.5. Treatment of STING agonist aggravates abdominal sepsis and sepsis-induced IEC apoptosis {#s0110}
--------------------------------------------------------------------------------------------

To further confirm the role of STING in sepsis, a pharmacologic agent was used to activate the STING pathway. In comparison with STING depletion, STING activation with DMXAA treatment amplified disease progression and led to higher mortality after CLP ([Fig. 5](#f0025){ref-type="fig"}A). The levels of serum pro-inflammatory cytokines (IL-6 and TNF-α) were also increased by DMXAA treatment ([Fig. 5](#f0025){ref-type="fig"}B), and intestinal inflammatory levels detected by TNF-α, and MPO activity were further increased by DMXAA treatment ([Fig. 5](#f0025){ref-type="fig"}C). Activation of STING signaling with DMXAA treatment (10 mg/kg) is further exhibited by its downstream activation of p-IRF3 and NF-kB (p-P65) in the intestine of severely septic mice ([Fig. 5](#f0025){ref-type="fig"}D). Simultaneously. Activation of STING by DMXAA treatment worsened intestinal mucosal and pulmonary injury after severe CLP ([Fig. 5](#f0025){ref-type="fig"}E), and DMXAA treatment drove heavier IECs apoptosis by TUNEL staining ([Fig. 5](#f0025){ref-type="fig"}F). The levels of ZO-1 and occludin expression were significantly decreased after DMXAA treatment ([Fig. 5](#f0025){ref-type="fig"}G and H). Consistent with the above results where STING deficiency led to the alleviation of disease, activation of STING signaling worsened CLP-induced sepsis, intestinal damage and disturbance of the intestinal barrier.Fig. 5Treatment with STING agonist worsens polymicrobial sepsis. (A, B) Survival analysis and serum inflammatory cytokines after i.p. injection of 10 mg/kg DMXAA following CLP. (C) Intestinal TNF-α and MPO activity in CLP group after DMXAA treatment. (D) Activation of STING signaling pathway by i.p. injection of DMXAA following CLP. (E) Representative lung and gut H&E images. (F) Intestinal apoptosis by TUNEL analysis. (G, H) ZO-1 and occluding in intestinal sections were analyzed by immunofluorescence and western blot. MPO, Myeloperoxidase. Data are expressed as the mean ± SD. ^⁎^*P* \< .05 vs CLP group. n = 6 mice per group.Fig. 5

3.6. Bacteria and mitochondrial DNA are elevated in CLP mice, and activate STING signaling {#s0115}
------------------------------------------------------------------------------------------

Both bacterial PAMPs and host DAMPs have been implicated in sepsis, and we have previously showed that the synergistic effect of PAMPs and DAMPs could increase the pro-inflammatory response and aggravate the severity of infection or sepsis. In our study bacteraemia and serum mitochondrial DNA levels were substantially elevated in CLP-treated mice (Supplementary Fig. 5 and [Fig. 6](#f0030){ref-type="fig"}A). Injection of foreign cyclic dinucleotides (CDNs) into mice induced an obvious elevation in IL-1β, TNF, IL-6 and IFN-β mRNA expression in the intestinal lamina propria classical DCs \[[@bb0030]\]. To further test the obligatory role of STING in response to DAMPs (mtDNA) in gut, i.p. injection of mtDNA into WT and STING-KO mice was performed. IL-6 and TNF mRNA expression were significantly increased in DCs isolated from the lamina propria; however, STING-deficient mucosal DCs failed to express higher mRNA levels of these mediators following treatment with mtDNA in vivo ([Fig. 6](#f0030){ref-type="fig"}B). Moreover, i.p. injection of mtDNA induced acute lung injury (ALI) and systemic inflammation. However, the STING knockout mice demonstrated reduced mtDNA-induced ALI and the associated inflammatory response (Supplementary Fig. 6).Fig. 6Mitochondrial DNA are elevated in CLP-induced sepsis mice and activate IRF3 via STING in cultured BMDMs. (A) Serum mtDNA (*COX3* and *ND1*) levels at 12 h and 24 h after CLP of WT and STING-KO mice. (B) Fold change of IL-6 and TNF gene expression in DCs of WT and STING-KO mice after i.p. injection of mtDNA. (C, D, E) Activation of STING and IRF3 signaling in BMDMs that cultured with CDNs and mtDNA.Fig. 6

To determine the activation of STING pathway, BMDMs were prepared from WT mice. These BMDMs were treated with foreign CDNs and mtDNA complexed with lipofectamine 3000, and the expression and subcellular location of STING signaling in BMDMs were measured by WB and immunostaining. WB data demonstrated that the protein levels of STING and p-IRF3 were increased following CDNs and mtDNA treatment in BMDMs ([Fig. 6](#f0030){ref-type="fig"}C). Immunostaining showed that STING was widely distributed in the cytosol in the control group within BMDMs, but treatment with CDNs or mtDNA could induce STING perinuclear translocation ([Fig. 6](#f0030){ref-type="fig"}D). In addition, immunostaining suggests mtDNA and CDNs induce IRF3 translocation from the cytoplasm to the nucleus ([Fig. 6](#f0030){ref-type="fig"}E). Collectively, these data indicate that increased bacteria and mtDNA can induce activation of the STING signaling pathway involved in increased systemic intestinal inflammatory response, leading to the aggravation of sepsis.

3.7. DNase I prevents sepsis-induced intestinal injury and bacterial translocation {#s0120}
----------------------------------------------------------------------------------

High circulating mtDNA level have been associated with organ injury \[[@bb0130],[@bb0135]\], and our data suggest the mtDNA-STING signaling pathway contributes to the exacerbation of sepsis. DNase I has been used to treat patients with various conditions associated with increased cell-free DNA levels \[[@bb0065]\]. We investigated the therapeutic value of DNase I (i.p. infections 5 h after CLP) on gut following CLP treatment. Expectedly, administration of DNase I after CLP surgery resulted in significant decreases in mtDNA and TNF-α levels ([Fig. 7](#f0035){ref-type="fig"}A). Histology scores of intestinal injury were lower in septic mice given DNase I ([Fig. 7](#f0035){ref-type="fig"}B). Additionally, a decreased bacterial load was observed in the MLN and blood of septic mice given DNase I ([Fig. 7](#f0035){ref-type="fig"}C).Fig. 7DNase I protects against CLP-induced intestinal injury by decreasing mtDNA levels. Mice were subjected to CLP surgery and administrated either DNase or saline 5 hours post-operatively. Blood was collected 12 h and 24 h in CLP-induced sepsis mice and (A) levels of serum mtDNA and TNF-α were quantified. (B) Representative intestinal H&E staining, and histology scores. (C) Bacterial CFU was quantified in MLN and blood. mtDNA, mitochondrial DNA. Data are expressed as the mean ± SD. ^⁎^P \< .05, ^⁎⁎^P \< .01; ^⁎⁎⁎^P \< .001. n = 6 mice per group.Fig. 7

4. Conclusion {#s0125}
=============

Clinically, human septic patients may demonstrate bacterial translocation or circulating DNA from injured host cells, and this is usually associated with poor outcomes. Although the potential mechanisms are yet to be clarified, it has been suggested that elevated PAMPs and/or DAMPs contribute to dysregulated systemic inflammation and intestinal inflammatory response \[[@bb0020]\].

Almost two decades ago, it was suggested that STING was an important protein for CDNs and a DNA-sensing signaling pathway. Our study has demonstrated the critical involvement of STING-induced excessive inflammation and IEC apoptosis sensing by CDNs and mtDNA during sepsis, leading intestinal barrier damage, increased intestinal permeability. Therefore, blocking the STING signaling may be a promising therapy in modulating excessive inflammatory response and intestinal barrier dysfunction in sepsis.

Consistent with previous studies that the STING signaling pathway plays a central role in CDNs and DNA sensing to induce secretion of IFNs and pro-inflammatory mediators \[[@bb0110],[@bb0140]\]. Our data demonstrate that STING depletion diminishes sepsis associated inflammation and intestinal barrier dysfunction, whereas the excessive activation of STING led to the worsening of disease. Therefore, pharmacologic inhibitors of STING signaling will be crucial in targeting IFN and the pro-inflammatory response in sepsis.

The gut has been suggested as the driver of organ failure and our previous results showed that DCs are the predominant antigen presenting cell in the lamina propria that express STING \[[@bb0030]\]. *C*-di-GMP stimulation induced strong inflammatory and immune responses depending on the STING signaling in classical DCs from the small intestinal lamina propria in vivo \[[@bb0030]\]. Our data show that the similar results where repeated injection of mtDNA into mice induced a substantial increase in IL-6 and TNF mRNA expression within DCs in lamina propria. IEC apoptotic cell death has been implicated as a vital homeostatic and pathogenic mechanism of the intestinal epithelium during sepsis. We showed that increased STING signaling is associated with elevated intestinal inflammation and induction of IEC apoptosis in human gut. STING genetic depletion attenuated CLP-induced IEC apoptosis and increased inflammatory response, suggesting the hypothesis that STING signaling function as an important mediator of IECs apoptosis, intestinal homeostasis and an important regulator of sepsis. Collectively, our findings highlight a novel mechanism involving crosstalk between dying IECs and DCs in the gut, providing evidence that the gut plays a central role in the progression of sepsis and MODS \[[@bb0010]\].

STING regulates gene expression by promoting the phosphorylation of several transcription factors, such as STAT3, STAT6, IRF3, and NF-κB \[[@bb0145],[@bb0150]\]. Among these factors, IRF3 is a well-studied target, and it plays a detrimental role in CLP-induced sepsis \[[@bb0155]\]. Wendy et al. \[[@bb0155]\] showed that IRF3-KO mice have reduced disease scores, mortality, hypothermia, and bacterial load following CLP compared with the control group. IRF3 also promotes NF-κB transactivation by interacting with NF-κB \[[@bb0160]\]. In our study, IRF3 signaling was significantly activated in septic patients, and the elevation of IRF3 expression was associated with the severity of sepsis and intestinal injury. An overwhelming inflammatory response during sepsis impairs bacterial clearance, leading to the high bacterial load; however, the STING KO mice following CLP exhibit the lower bacterial load, indicating that the inhibition of the STING-IRF3 signaling pathway has the ability to clear bacteria during severe polymicrobial sepsis.

An amount of CDNs have been detected in the gut, which could induce local activation of STING at steady state. Additionally, continuous sources of free DNA, derived from dying cells and bacteria from microbiota, can also activate STING in the intestinal lamina propria \[[@bb0080]\]. However, the precise mechanisms and function of DNA sensors in intestinal physiology and inflammation have yet to be defined. Recent studies have also underscored the role of STING signaling in intestinal inflammation and gut homeostasis. Canesso et al. \[[@bb0080]\] suggested that DNA derived from faeces can activate STING, and they showed that STING KO mice exerts higher susceptibility to DSS-induced colitis. Barber\'s group demonstrated a key role for STING in interacting with commercial bacteria and influencing gut immune response homeostasis, and they suggested that loss of STING signaling reverse colitis exhibited in the absence of IL-10 in mice \[[@bb0140]\]. However, Jiang\'s laboratory recently showed that STING depletion was associated with attenuated tissue injury such as tissue destruction, necrosis, and leukocyte infiltration \[[@bb0075]\]. Consistent with Jiang\'s findings, we have showed that STING signaling may contribute to the pathogenesis of sepsis and intestinal pro-inflammatory response, and loss of STING reduces intestinal inflammation and sepsis. The discrepancy between our results and the dataset of Faria and Barber\'s group is likely due to the different disease and inflammation model. Severe systemic inflammation and organ pro-inflammatory responses are responsible for the high mortality during sepsis. It is well known that the compensatory anti-inflammatory response is an important contribution to the pathophysiology of sepsis. Therefore, the protective effect of sepsis by blocking STING signaling may lead to the decreased pro-inflammatory response.

Increasing plasma mtDNA levels was associated with the occurrence of sepsis and organs damage in ICU patients with trauma and/or infections \[[@bb0130],[@bb0135]\]. We recently investigated that released mtDNA following intestinal ischemia reperfusion induced inflammatory response and intestinal barrier dysfunction \[[@bb0035]\]. Mounting evidence have suggested that mtDNA has ability to activate cGAS-STING-IRF3 pathway, leading various disease and infectious progession \[[@bb0060],[@bb0065]\]. Our data suggested that i.p. injection of mtDNA induced tissue injuries and production of inflammatory cytokines within intestinal DCs via STING signaling. Additionally, decreasing systemic mtDNA by DNase I administration significant helps to attenuate the sepsis-induced pro-inflammatory response and intestinal injury. These data indicate that suppression of mtDNA-cGAS-STING signaling pathway may be protective in sepsis-induced organ injury and gut barrier dysfunction.

The host responds to both PAMPs and DAMPs by specific PRRs during infection, resulting in increased production of mediators and inflammatory response \[[@bb0165]\]. excessive inflammatory response induces organ injury. Sepsis syndrome is such a response that is initiated by both danger and microbial invasion. Modulation of this response to quosh unnecessary local inflammation at the focus of infection is a promising therapeutic goal \[[@bb0020]\]. Hyper-activation of intestinal inflammation induces IECs apoptosis, contributing to increased bacterial translocation and exacerbation of sepsis. Effective control of the intestinal over-exuberant inflammatory response has the potential to be a therapeutic target \[[@bb0020]\]. In our study, Decreased intestinal inflammation by STING depletion helps to inhibit the induction of IEC apoptosis during sepsis. Therefore, we propose a theory that stress and infections induced local IEC injury, provides a route for microbial components (CpG DNA/ CDNs) and/or mtDNA derived from IEC to activate STING signaling within classical DCs within the lamina propria. The activation of the STING signaling pathway induces increased production of pro-inflammatory cytokines and IFNs. Intestinal inflammatory response contribute to comprehensive epithelial damage, leading to a number of viable bacteria to translocate. These process not only amplify the activation of the STING signaling pathway, but also can induce the severe systemic inflammatory response, both of which could lead to a cytokines storm and induce lethal sepsis (Supplementary Fig. 7).

Numerous single-target therapies in phase 3 clinical trials have failed to reveal efficacy for the management of human sepsis. In our study, activation of the STING pathway is a crucial step contributing to the pathogenesis of sepsis by promoting intestinal inflammation and damaging gut barrier. Therefore, STING signaling has the potential to be an effective therapeutic target in human sepsis.
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